At the cellular level, circadian timing is maintained by the molecular clock, a family of interacting clock gene transcription factors, nuclear receptors and kinases called clock genes. Daily rhythms in pulmonary function are dictated by the circadian timing system, including rhythmic susceptibility to the harmful effects of airborne pollutants, exacerbations in patients with chronic airway disease and the immune-inflammatory response to infection. Further, evidence strongly suggests that the circadian molecular clock has a robust reciprocal interaction with redox signaling and plays a considerable role in the response to oxidative/carbonyl stress. Disruption of the circadian timing system, particularly in airway cells, impairs pulmonary rhythms and lung function, enhances oxidative stress due to airway inhaled pollutants like cigarette smoke and airborne particulate matter and leads to enhanced inflammosenescence, inflammasome activation, DNA damage and fibrosis. Herein, we briefly review recent evidence supporting the role of the lung molecular clock and redox signaling in regulating inflammation, oxidative stress, and DNA damage responses in lung diseases and their exacerbations. We further describe the potential for clock genes as novel biomarkers and therapeutic targets for the treatment of chronic lung diseases.
Introduction
Circadian rhythms are innate biological rhythms with a frequency or period close to 24 h. In mammals, circadian rhythms of gene expression, cellular/organismal physiology and behavior are regulated by the Circadian Timing System. At the cellular level, circadian rhythms are driven by an autoregulatory feedback loop oscillator of interacting transcription factors, kinases and nuclear receptors commonly referred to as clock genes [1] . The molecular clock has been described in nearly every mammalian cell and is tightly linked to variations in cellular metabolism, redox signaling and oxidative stress responses [2] . This system includes a central pacemaker in the suprachiasmatic nucleus (SCN) of the hypothalamus that receives and responds to photic cues from the retina and uses an array of neural and neuroendocrine cues to disseminate these timing cues to targets in both the brain and periphery [3] . The SCN synchronizes the activity of downstream central and peripheral clocks in order to maximize the temporal cohesion between variables in the environment (e.g. food availability) and physiology (e.g. insulin release) [4] . The Circadian Timing System makes a substantial contribution to nearly every aspects of mammalian physiology, including pulmonary function, have been reviewed recently by us [5, 6] . Herein, we briefly review recent evidence supporting the role of the lung circadian molecular clock and redox signaling lungs based on regulating inflammation, oxidative stress, and DNA damage responses in lung diseases. We further describe the potential for clock genes as novel biomarkers and therapeutic targets for the treatment of chronic lung disease.
The mammalian circadian clock and its role in pulmonary physiology
Through binding and activation at E-box promoter regions, BMAL1:-CLOCK regulates the expression of both the period (Per1-3) and cryptochrome (Cry1-2) gene families. Once translated, PER and CRY form heterodimers, are phosphorylated by Casein Kinase and move to the nucleus where they repress their own transcription by blocking the activity of the BMAL1:CLOCK complex [1] . In addition to PER/CRY, the activator complex also drives the expression on the nuclear receptors REV-ERBα/β and RORα/γ. REV-ERB and ROR stabilize the oscillator by regulating the timing and amplitude of Bmal1 expression. Clock proteins are also heavily influenced by posttranslational modifications that affect both their activity and stability [8, 9] . In addition to the primary clock proteins, the molecular oscillator also dictates the timing of tissue and cell specific genes, referred to as clock-controlled genes or CCGs [1] . These tissue/cell specific clock-regulated genetic programs are the hands of the clock, facilitating its temporal program on systems physiology. Thus, disruption of clock gene expression inevitably disturbs the timing and amplitude of these CCGs and the physiological processes which they control and has been implicated in chronic diseases [10, 11] .
In healthy individuals, overall lung function exhibits a robust diurnal rhythm, with a daytime peak (12:00 h) and early morning trough (04:00 h). Diurnal variation in peak expiratory flow (PEF), peak expiratory volume (PEV) and respiration (V T and V E ) have also been reported and follow the same daily patterns [12, 13] . The well-defined early morning decline in lung function coincides with increased risk of exacerbations among patients with chronic obstructive pulmonary disease (COPD) and asthma [14, 15] , suggesting that the lung clock plays a considerable role in the pathophysiology of chronic lung disease [5] . We have also recently reported that lung function varies significantly across the day in mice and that these rhythms are drastically altered by inflammatory mediators and viral infection [16] [17] [18] [19] [20] [21] [22] [23] (see Fig. 1 ). As in many tissues, the timing of lung function likely depends on a complex interplay between both SCN-dependent cues and localized molecular clock function in lung cells [3] . Outside of these SCN-driven cues, circadian rhythms of clock gene expression have also been reported in lung tissue [24] [25] [26] . Studies suggest that the molecular clock in the lung plays a critical role in optimizing the organization of cellular function and responses to environmental stimuli [27, 28] . The timing and amplitude of clock genes and CCG expression in rodent lungs is altered by oxidative stress/redox changes mediated by environmental tobacco smoke, air pollution (airborne particulate matters), hypoxia/ hyperoxia, jet-lag/shift work, pro-inflammatory mediators, bacterial endotoxin, bacterial/viral infections and other stressors [16] [17] [18] [20] [21] [22] [23] [29] [30] [31] [32] [33] [34] [35] [36] (Fig. 1) . Moreover, substantial evidence suggests that clock disruption, either global or targeted, has a profound influence on pulmonary function and lung pathophysiology, particularly in lung epithelium [5] . The implication being that disturbance of the clock is not only a critical biomarker of the response to oxidative stress and inflammatory mediators in the lungs, but may contribute to the etiology of disease, making targeting of clock function an exciting potential avenue for novel therapeutics.
Redox regulation of circadian molecular clock
Evidence demonstrates that the circadian clock regulates cellular redox state. For example, Wang et al. reported that the redox state in the SCN in vitro and ex vivo is heavily influenced by the rhythmic expression and activity of two cofactors of cellular metabolism, both flavin adenine nucleotide (FAD) and nicotinamide adenine dinucleotide phosphate (NADPH) [37] . Moreover, the rhythmic levels of these cofactors in SCN neurons depends on a functional molecular clockwork in rodent SCN [37] . Additional evidence on the oscillations of NAD/NADH in the epidermis of mice [38] ; total NAD levels in mouse liver and cultured myoblasts [39] and total NAD(P)H in human erythrocytes [40] demonstrates the ubiquity of the reciprocal interaction between the clock and cellular redox state. NAD + biosynthesis depends on the synthetic enzyme nicotinamide phosphoribosyltransferase (Nampt) which is rhythmically expressed under the control of the molecular clock [41] . It has been shown that the level of NAD + feeds back onto the molecular clock and globally affects the proteome [8] . Additionally, NAD + oscillation can modulate the activities of NAD-dependent protein modifying enzymes, such as SIRT1 and PARP1 that in turn can deacetylate and poly (ADP)-ribosylate clock proteins [42, 43] . In another study, using a transient/stable cell line containing REX::VP16 (REX, a bacterial NADH binding protein, fused to the VP16 activator) and the REX binding operator (ROP), NADH oscillations was demonstrated in vitro. Here, REX was used as a NADH sensor to report intracellular dynamics of redox homeostasis in mammalian cells in real-time [44] . Nuclear FAD levels also oscillate in the liver of mice exposed to a 12:12L:D cycle, suggesting that this rhythm depends on light input. However, the nuclear level of riboflavin kinase was cycling in the liver even when mice were housed in constant darkness [45] . Intriguingly, Hirano et al., showed that the redox cofactor FAD stabilizes cryptochrome (CRY), modifying clock function [45] . Together, these data suggest that FAD levels oscillate and also feed-back to modulate the activity of the clock. Peroxiredoxins (PRDXs) make up a phylogenetically ancient family of proteins that potentially evolved in direct response to the Great Oxidation Event and whose primary role is associated with H 2 O 2 detoxification [46] . Peroxiredoxin enzymes work by reducing H 2 O 2 to water. In this catalytic cycle, oxidized PRDX is normally re-reduced in a manner that ultimately consumes a reducing equivalent supplied by nicotinamide adenine dinucleotide phosphate (NADPH). Prior reports have established that the redox state of PRDXs oscillates in cells from humans, mice and algae, reflecting the endogenous rhythm in the generation of reactive oxygen species (ROS) [40, [47] [48] [49] [50] [51] . In erythrocytes, these redox rhythms are accompanied by several other metabolic oscillations such as oxidation of hemoglobin, and cycling of NAD(P)H and ATP levels. The rhythmic hyper-oxidation state of PRDXs can be interpreted as a memory of the influx via the catalytic system and likely reflect underlying changes in the redox environment on a circadian scale, rather than essentially being a timekeeping mechanism Factors that contribute to molecular clock dysfunction in the lungs. The lungs are exposed to different kinds of stressors such as environmental tobacco smoke, bacterial/viral infections, allergens, air pollutants, jet-lag/shift work, etc. that can increase the reactive oxygen species (ROS) burden and thereby alter the rhythmic expression of clock genes. Circadian disruption in the lung affects immune-inflammatory signaling (target genes/canonical pathways) resulting in altered lung function, abnormal inflammatory/immune response, impaired DNA damage/repair responses, and ultimately cause chronic lung pathologies (airway disease: COPD, asthma, and fibrosis). Thus, the reciprocal interaction between redox signaling and the clock is a major target of the pulmonary exposome, contributing markedly to the impact of these factors on lung function.
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Free Radical Biology and Medicine 119 (2018) 121-128 [50] . Consistent with this report, mouse red blood cells from sulfiredoxin mutant mice still display rhythmic PRDX oxidation and daily decline in PRDX hyperoxidation as a result of proteasomal degradation [48] . Importantly, the phylogenetic conservation of PRDX rhythm suggests that circadian redox rhythms may be a common feature observed in all forms of aerobic life [49] . Critically, PRDX redox rhythms persist in mice with mutations that disrupt molecular clock function, indicating that they are not dependent on the clock but may still influence the oscillator to ensure proper responsiveness to environmental stimuli [52] .
Role of Nrf2 in regulation of molecular clock
In addition to the aforementioned interactions, data support the role of pentose phosphate pathway (PPP) as a critical source of the redox cofactor NADPH that in turn regulates redox and transcriptional oscillations via the BMAL1:CLOCK activator complex and the redox-sensitive transcription factor Nrf2. Additionally, they identified Nrf2 and coactivator p300 as two parallel mechanisms that link redox oscillation of BMAL1:CLOCK-mediated transcriptional regulatory programs in nucleated cells [53] (Fig. 2) . The impact of the cellular clock as an important regulator of redox homeostasis is supported by studies in clock mutant mouse models (e.g. ClockΔ19, Bmal1 KO) that have increased levels of ROS-associated phenotypes. Clock mutant mice also display altered activity of the antioxidant redox sensitive transcription factor Nrf2 in the lungs associated with reduced glutathione levels, increased protein oxidation and a spontaneous fibrotic phenotype in vivo. This response is seemingly due to the role of BMAL1 as a transcriptional regulator of cellular antioxidant expression via Nrf2 [54, 55] . Clock mutant mice also lack rhythmic expression of aryl-hydrocarbon receptor (ahr), suggesting a role for the circadian clock in the regulation of the phase I detoxification signaling pathway [56, 57] . Genome-wide profiling showed inhibin signaling was significantly reduced in CLOCK null mice, establishing the role of circadian clock-inhibin axis in sepsis [58] , possibly in acute lung injury. BMAL1 KO mice show signs of premature aging and shortened lifespan as a result of increased ROS levels and inflammation in fibroblasts and other tissues, which was partly rescued when animals were continuously administered the reduce glutathione (GSH)-precursor N-acetyl cysteine (NAC) [59, 60] . Together, these studies reveal that BMAL1 can presumably regulate redox-sensitive transcription factors and associated genes (i.e., rhythmic expression of Nrf2 target genes) that play an important role in cellular antioxidant defense.
Another report revealed that deletion of Bmal1 in mice increases neuronal oxidative damage and impairs the expression of several redox defense genes such as aldehyde dehydrogenase 2 (ALDH2) and NAD(P) H quinone dehydrogenase 1 (NQO1), indicating that Nrf2-independent oscillations of redox defense genes play an essential role in protection against redox-induced neurodegeneration [61] . There is evidence that circadian oscillation in mitochondrial respiration occur in mouse liver, skin and myotubes. These oscillations coincide with BMAL1-dependent rhythms of mitochondrial biogenesis, protein expression and morphology [38, 39, 62] . Conditional-liver BMAL1 KO mice show reduced and arrhythmic respiration, swollen mitochondria and increases in ROS levels, whereas these phenotypes were partly rescued when the mitochondrial fission 1 protein was overexpressed, suggesting an important role of BMAL1 during regulation of mitochondrial quality control [62] . Another report where they have used these genetically engineered mouse models [63] both at the level of physiologic and genetic (Bmal1/Per2) disruption, suggest that the circadian timing system can cooperate with Kras and p53 to promote lung tumorigenesis. This study highlights the importance of cell-autonomous circadian clock control of cellular processes considered hallmarks of cancer that are known to promote cellular transformation and tumor progression [33] . It has been suggested that the appearance of tumors in lung and liver of mice exposed to dichloromethane is linked to altered patterns of clock and clock-controlled gene expression (e.g. Npas2, Arntl, Nfil3, Dbp, Nr1d1, Nr1d2, Tef, Per3, and Bhlhe40) and associated rhythms of metabolism, in a tissue specific manner [64] .
Sirtuins and redox regulation of molecular clock
In addition to the aforementioned pathways, the clock also regulates the levels of NAD production through its influence on the activity of nicotinamide phosphoribosyltransferase (NAMPT), which is under the transcriptional control of the BMAL1:CLOCK complex [41, 65] . Circadian clock-dependent cycles of cellular NAD + levels can drive mitochondrial oxidative metabolism via sirtuins (i.e. SIRT1, SIRT3 and SIRT6) and regulate rhythmic patterns of oxidative enzyme expression, mitochondrial metabolism and cellular respiration [39, 41, 65, 66] . Thus, several different canonical pathways that depend on the bioavailability of NAD + as a co-factor play a vital role in modulating both mitochondrial oxidative metabolism (mitochondrial ROS production) and clock function [39, 54, 62, 67] . It has been shown that high fat diet exposure, both during gestation and early post-natal life, reduces Sirtuin levels (Sirt1 -dependent enzymes such as SIRT1, and poly(ADP-ribose) polymerase 1 (PARP1). These molecules play a role in the posttranslational modification of clock proteins (e.g. BMAL1, PER2). Moreover, NAD + affects mitochondrial metabolism via SIRT3 activation. It has been shown that the level and/or activity of the redox-sensitive transcription factor (NRF2) and other antioxidant enzymes that regulate protection against oxidative stress response oscillate in a rhythmic manner both in vitro and in vivo. This includes glutathione peroxidase (GPx), glutathione reductase (GR), catalase, superoxide dismutase (SOD) and peroxiredoxins (PRXs) (which peaks during the day). Recently, it has been shown that pentose phosphate pathways (PPP), a key pathway in NADPH metabolism, also affects circadian oscillations in a redox-dependent manner. Nrf2 plays a vital role in the interplay between redox and circadian oscillations (in human cells, mouse tissues and flies). The GSH systems is catalyzed by the enzyme GPx which allows reaction of two GSH molecules with H 2 O 2 to form H 2 O and the oxidized form of GSH, glutathione disulfide (GSSG). The next step in this reaction is catalyzed by GR which requires NADPH as a hydrogen donor that comes from the PPP signaling. Oxidative stress-mediated increases in reactive oxygen species (ROS) can directly or indirectly affect both the NAD recovery pathway and GSH/GSSG redox signaling in the lungs. Increased oxidative burden in the lungs (e.g. elevated ROS) can lead to a reduction in SIRT1 and Nrf2, both vital contributors to clock function. Modulating the activity of clock regulators at particular times using novel chronopharmacological agents (e.g. REV-ERB agonists (SR9009, SR9011, GSK4112) and SIRT activators (SRT1720, SRT2183)) may attenuate or even reverse molecular clock dysregulation during chronic airway disease such as COPD, asthma and fibrosis. There is a pressing need to develop novel in vivo models of lung inflammatory diseases using clock gene mutant mice (CLOCK, BMAL1, Cry1/2, Per1/2, Rev-Erbα/β KO) and conditional KO mice (lung myeloid or epithelial cell-specific) to better understand their roles in modulating chronic lung pathologies. This is feasible due to availability of promising genetic and pharmacological tools that are already being tested in different mouse models. Knockout of both REV-ERB isoforms in mouse liver results in compromised expression of circadian clock genes and increased dyslipidemia [70, 71] . REV-ERBα modulates oxidative capacity by regulating mitochondrial biogenesis in skeletal muscle [67, 72] . Overall, these studies from clock gene deletion/mutant mice underscore the role of CCGs in linking circadian rhythms, redox regulation to critical cellular processes such as inflammation, mitochondrial metabolism and glucose/lipid homeostasis as they impart their role during pathogenesis of chronic airway diseases.
Involvement of molecular clock in redox regulation of inflammation, oxidative stress, DNA damage in relation to lung function/diseases

Molecular clock and NF-κB
There is -considerable evidence in the literature showing that the severity of immune-inflammatory responses vary across the 24 h day and, conversely, that disruption of the clock has been linked to altered immune responses and inflammatory disease [73, 74] . The novel role of the molecular clock in modulating immune inflammatory signaling pathways, including toll-like receptor 4 and 9, repressing chemokine (C-C motif) ligand 2 (CCL2) and IL-6 expression has been documented [19, 31, 36, 75] . Clock proteins bind to the transcription factor nuclear factor kappa B (NF-κB) and regulate its transcriptional activity; and CLOCK KO mice showed reduced NF-κB-activation [76] . In a neonatal hyperoxia mouse model, oxidative stress activates REV-ERBα promoter activity through the NF-κB and Nrf2 binding site, thereby regulating redox-mediated oxidative stress and inflammation [35] .
Molecular clock, PARP-1 and DNA damage
Prior studies have shown that both bacterial and viral infections alter the timing and amplitude of clock gene abundance in the lung; likely due to altered expression of pro-inflammatory cytokines, bacterial colonization and impaired viral clearance [16, [18] [19] [20] [30] [31] [32] 34] . Tobacco smoke exposure also causes lung molecular clock disruption as a result of impaired DNA damage/repair signaling associated with carbonyl stress-induced premature senescence (SIPS) and a senescenceassociated secretory phenotype (SASP) as seen in patients with COPD [77] [78] [79] [80] [81] [82] . Lungs of patients with COPD show reduced SIRT1 levels/activity and BMAL1 levels associated with clock dysfunction in the lungs [17, 22] . Recent studies clearly demonstrates the role of NAD in modulating circadian clock mediated DNA damage responses through the SIRT1-PARP1 [Poly(ADP-Ribose) Polymerase 1] axis [83] . This is well supported by data revealing that oxidative stress induced DNA damage responses, utilize NAD + , lead to altered SIRT1 and PARP1 activity. Increased PARP1 activity triggers SIRT1-induced phase advances by decreasing SIRT1 activity in response to reduced NAD + levels [83] . In a related study, computational modelling was used to suggest that PARP1 reduces SIRT1 activity via competitive binding and sequestration of the critical co-factor NAD+. This competitive inhibition is likely due to protein acetylation in conjunction with phosphorylation that is consistent with earlier reports [84] . Previously, we have shown that the SIRT1-PARP1 axis is affected during cigarette smoke-induced oxidative stress, leading to increased pro-inflammatory responses, DNA damage, autophagy and cellular senescence [85, 86] . Furthermore, we have shown that oxidants can reduce SIRT1 activity/levels and activate PARP1 independently, though they share the same cofactor NAD + [87] . It is possible that SIRT1-PARP1 may play an essential role in regulating clock function during chronic inflammatory lung diseases via post-translational modifications. Hence, oxidant-induced clock dysfunction in the lungs may exacerbate prior susceptibility to oxidative DNA damage and cellular senescence during the pathogenesis of chronic airway diseases caused by inhaled toxicants like cigarette smoke.
Molecular clock disruption, infection and chronic inflammatory disease
The molecular clock clearly drives circadian rhythms of in vivo sensitivity to infectious agents. It has been reported that survival in response to endotoxin (LPS) challenge was reduced in BMAL1 KO mice relative to wild-type littermates [73] . Endotoxin causes circadian clock disruption in macrophages via ROS, thus supporting redox regulation of the molecular clock in inflammatory cells. Peritoneal macrophages isolated from Bmal1 KO and Per1-3 TKO (triple KO) mice displayed altered balance between nitric oxide, and ROS release accompanied by increased uptake of oxidized low density lipids and increased adhesion and migration compared to wild-types [88] . Bmal1 KO mice infected with herpes and Influenza A virus (IAV) show increased virus replication, and dissemination, indicating that severity of acute infection is influenced by the clock [89] . The above findings are comparable to previous reports showing that both IAV and hepatitis C virus infection alter the phase and amplitude of clock gene expression [16, 90] . Asthma is a chronic lung inflammatory condition that clearly shows a circadian signature. Asthmatics develop worse symptoms during the night and/or early in the mornings which follows a circadian pattern that correlate with their lung physiology, airway caliber and inflammatory response [12] [13] [14] [15] . It has also been shown that human airway cells from 2 independent asthmatic cohorts show considerable downregulation of clock gene expression [18] . Additionally, deletion of the Bmal1 locus exacerbates viral bronchiolitis (extensive asthma-like airway changes, mucus production and increased airway resistance) and increases susceptibility in a Sendai virus (SeV) virus-/influenza virus-induced asthma model that correlates with impaired control of viral replication. These data support a role for Bmal1 in the development of asthmatic airway disease via the regulation of lung antiviral responses [18] . This observation coincides with our study which revealed that IAV alters clock function via a Bmal1-dependent pathway [16] . Recently, using an ovalbumin model of allergic asthma in Bmal1 myeloid cell specific (BMAL1-LysM -/-) KO mice, it was demonstrated that there is a significant role for BMAL1 in allergic asthma, as these conditional KO mice show marked increases in lung inflammation, eosinophils, and IL-5 levels. These data suggest that Bmal1 is a potent negative regulator in myeloid cells [21] . Further, it was shown that there is a time-of-day dependent variation in IL-33 mediated IL-6, IL-13 and TNFα production in bone marrow-derived mast cells from wild-type mice that was abolished in Clock mutant mice. Additionally, CLOCK can bind to the promoter region of interleukin 1 receptor-like protein ST2 and Clock deletion leads to down-regulation of ST2 expression in mast cells [91] . Prior studies demonstrate circadian variation in airway leukocytes and eosinophils by using induced sputum, correlating eosinophil activation and levels of circulating inflammatory mediators with airway obstruction and reversibility [92] . Together, this evidence suggests that the molecular clock plays a key role in regulating the activity of various immune-inflammatory cells during asthmatic responses. Thus, the molecular clock may modulate the inflammasome pathways or vice-versa leading to persistent immune-inflammatory responses in airway diseases.
Molecular clock disruption and pro-fibrotic responses (transient to permanent remodeling)
The role of BMAL1 in signal transduction and cellular activities of TGF-β1-mediate lung fibrogenesis is known [93] . TGF-β1 treatment in vitro (lung epithelial cells and fibroblasts) or in vivo using a mouse model of pulmonary fibrosis (adenovirus-TGF-β1-infected mice) leads to upregulation of BMAL1 expression. Knockdown of BMAL1 with siRNA blocked fibroblast to myofibroblast differentiation in normal human lung fibroblasts, suggesting BMAL1 is required for TGF-β1-induced signal transduction and pro-fibrotic activities in the lung [93] . In contrast, we have shown that BMAL1 KO mice infected with IAV displayed detriments in behavior, survival, increased lung inflammation and enhanced pro-fibrotic responses [16] . It is possible that viral infection can trigger pro-fibrotic growth factors and their receptors in mouse lung macrophages and fibroblasts, stimulating pro-fibrotic responses in BMAL1 KO mice independent of TGF-β1 induced fibrogenesis [94] . BMAL1 deficient cells (MEFs) demonstrate a greater degree of susceptibility to infection by two major respiratory viruses including Respiratory syncytial virus (RSV) and parainfluenza virus type 3 (PIV3) that belong to the family Paramyxoviridae, further supporting the role of BMAL1 in cellular viral immunity [34] . Each of these models of lung disease are coincident with, and as suggested above, enhanced by molecular clock dysfunction. Particularly as this influence on the clock relates to changes in cellular redox signaling and metabolism, a response that may underlie the influence of clock dysfunction on the intensity and duration of disease. It remains to be seen whether pharmacological activation of the clock by redox modulating agents using clock-targeting agents constitutes a viable therapeutic approach for treating chronic lung diseases and their exacerbations.
Targets and chronotherapeutics
Mounting experimental evidence suggests that the timing system may be exploited as a novel therapeutic target for multiple conditions, including obesity, malignancy and chronic lung disease. Several potent small molecule effectors of clock function have been identified [95] [96] [97] Further, compounds known to affect cellular physiology through redox signaling, such as the SIRT agonists, have also been shown to indirectly affect the clock via intracellular redox changes ( Fig. 2 and Table 1 ). It is likely that advances in our understanding of these compounds and their targets will hasten the use of chronopharmacological compounds for the treatment of pulmonary conditions [98] . A recent study of drugs widely used for the treatment of asthma and COPD (Advair Diskus, Combivent; and ProAir HFA) revealed that their effects may be mediated by changes in CCG expression [99] . Further, this study indicated that more than 50% of all (top-selling) pharmaceutical drugs target clock gene expression and/or their enzymatic activity, with many of these drugs having direct influence in pulmonary physiology (see Table 1 ). Though promising, there remains a considerable gap in our understanding of clock-dependent physiological functions in the lungs which are affected by intracellular redox changes, the influence of these compounds on the lung clock and the true value of clock-targeting therapeutics for chronic airway disease.
Though several novel clock-related targets have been suggested which are affected by intracellular redox changes, likely candidates include the nuclear receptor REV-ERBα/β, the core clock protein BMAL1 and the Sirtuin (SIRT1, 2) family of deacetylases. Small molecule modulators are available for each and evidence suggests that all three may be targeted for the treatment of chronic airway disease [5] . Several novel compounds that regulate the timing and amplitude of clock gene expression either directly or indirectly via SIRT1 activation have been studied (Table 1) . Our lab and others have shown that SIRT1 agonists can improve certain abnormalities seen in COPD and may be protective in a mouse model of emphysema [17, 22] . Treatment with the SIRT1 activator SRT 1720/SRT 2183 altered clock-dependent transcription and decreased H3K9/K14 acetylation [100] . Further, Sirtinol attenuated expression of REV-ERBα and BMAL1 and inhibited LPS-induced pro-inflammatory cytokine release from PBMCs [22] . Finally, the effects of SIRT1 agonist depend on the presence of BMAL1. Experiments in conditional lung epithelium-specific BMAL1 KO reveal that SIRT1 agonists failed to attenuate cigarette smoke induced lung injurious responses [17] . Thus, it is through increased SIRT1-mediated deacetylation of BMAL1, and perhaps PER2, that SIRT1 activator produce their beneficial influence on lung injurious responses to oxidative/ carbonyl stress. It is also possible that SIRT1 regulates the activity of other clock components, including the nuclear receptor and repressor, REV-ERBα, which itself stands as a promising target for chronopharmacological treatment of chronic airway disease.
Interestingly, REV-ERB has many hats; acting as a core repressor in the molecular clock, a critical regulator of metabolic/inflammatory gene expression and a metabolic sensor [101] . REV-ERBα/β act as repressors by recruiting HDAC3/NCOR to REV-ERB/ROR response elements in target promotors [102, 103] . REV-ERB has been shown to have both DNA binding dependent and independent repressor activity [103] . As a component of the molecular clock, REV-ERBα binds to ROR response elements (ROREs; see Fig. 2 ), where it competes with the activator RORα/γ to regulate the timing and amplitude of Bmal1 expression. Small molecules that target REV-ERB have been identified and characterized [101, 104] . These synthetic ligands for REV-ERBα (e.g. GSK4112, SR9011, SR9009) can regulate inflammation, improve respiratory function and normalize sleep/wake rhythm in patients with asthma and COPD [72, 101] . Most-recently, we have shown that treatment with REV-ERBα agonists can attenuate immune/inflammatory markers of cigarette smoke-induced lung inflammation both in vitro using small airway epithelial cells/mouse lung fibroblasts and in vivo using mouse models of both acute and sub-chronic smoke exposure [105] . Although promising, none of these compounds have been developed for clinical use and are widely considered useful as experimental compounds for pre-clinical analysis. It is likely that similar compounds, with greater efficacy, reduced dosage requirements and limited adverse effects will be developed to Phase I clinical trials in the near future.
Additional small molecule effectors of oscillator function have been shown to target various components of the core clock, leading to altered timing and amplitude of clock and clock-controlled gene expression (Table 1) . These molecules may also have promise as adjunct therapy in conjunction with steroids or β 2 −adrenoreceptor agonists [97] . RORα/γ agonists and inverse agonists have been shown to have anti-inflammatory and anti-autoimmune effects, reducing pro-inflammatory cytokine expression and release, TH17 cell differentiation and autoantibody production [106] . At present, none of the available ROR agonists or inverse agonists have been examined as putative therapy for chronic lung disease. It has been reported that selenium, a trace metal found in most commercial rodent diets and many foods, increases BMAL1 levels and activity [107] . Rodents provided a diet high in selenium displayed greater levels of BMAL1 in liver and showed resistance to mortality following exposure to chemotherapeutic drugs [107] . These effects are specific to peripheral oscillators, as selenium did not affect the timing or amplitude of BMAL1 expression in the SCN. In a recent report, Bmal1 has been shown to play a novel tumor suppressor role by elevating the sensitivity of cancer cells to paclitaxel [108] , with potential implications a chronotherapy biomarker in several cancers including lung cancer which requires further investigation. Recently, optimized chemical probes for REV-ERBα are developed based on potency, selectivity, and bioavailability [109] , which hold promise for chronotherapeutics in chronic lung diseases. Though yet to be developed for clinical trial, these pre-clinical studies strengthen the rationale for the usefulness of chronopharmacological drugs, particularly as add-on therapy in combination with steroids/β2-adrenoreceptor agonists (standard therapy for chronic airway diseases) for the treatment of inflammation in chronic airway disease where redox changes occur.
Conclusions and future directions
There is now a fairly impressive body of evidence to support a robust reciprocal relationship between redox signaling and molecular clock function (Fig. 2) . Circadian rhythms of nicotinamide (NAD) oxidation, Nrf2, glutathione reduction and peroxiredoxin activity have all been reported in mammals. Further, environmental exposomes that increase oxidative stress and produce premature cellular senescence and DNA damage responses in the lungs also result in molecular clock dysfunction. For example, oxidative/carbonyl stress reduces SIRT1 expression in the lungs leading to changes in the acetylation and degradation of the clock protein BMAL1 and PER2. Data suggest that these post-translational modifications can further enhance lung inflammation and cellular senescence. Thus, the timing system may act under normal circumstances as a rheostatic modulator of lung inflammatory and oxidative stress responses that when challenged (as in response to oxidative/carbonyl stress) can also act to increase the amplitude and duration of pro-inflammatory impact on lung function. The influence of oxidative stress on the clock through redox signaling supports the assertion that clock function may be utilized as a novel biomarker of lung pathophysiology. As discussed, studies have linked clock function to NF-κB, TLR4, GSH, NAD/NADH and Nrf2 signaling pathways in lung tissue [2] .
The identification of novel clock targeting compounds has paved the way for exiting discoveries in the area of chronopharmacology for chronic lung disease. Clock-targeting compounds may soon be used to normalize/attenuate lung inflammatory and pro-senescence responses and/or enhance the efficacy of glucocorticoids and β 2 -agonists. The development and application of these drugs in pre-clinical models to reduce lung inflammation, DNA damage and cellular senescence in lung tissue should lead to new and effective clinical therapies. At the same time, these drugs will allow us to probe the detailed and complex mechanisms that define the intersection between clock function, redox signaling and inflammatory/injurious response to exposomes/environmental exposures. It is hopeful that these tools will not only open the door to new basic discoveries, but also provide much needed help for the treatment of debilitating lung diseases and their exacerbations.
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